The intestinal epithelium in the Drosophila midgut is maintained by intestinal stem cells (ISCs), which are capable of generating both enterocytes and enteroendocrine cells (EEs) via alternative cell fate specification. Activation of Delta-Notch signaling directs ISCs for enterocyte generation, but how EEs are generated from ISCs remains poorly understood. Here, we identified Phyllopod (Phyl) as a key regulator that drives EE generation from ISCs. Phyl, which is normally suppressed by Notch, functions as an adaptor protein that bridges Tramtrack 69 (Ttk69) and E3 ubiquitin ligase Sina for degradation. Degradation of Ttk69 allows the activation of the Achaete-Scute Complex (AS-C)-Pros regulatory axis, which promotes EE specification. Interestingly, expression of AS-C genes in turn further induces Phyl expression, thereby establishing a positive feedback loop for continuous EE fate specification and commitment. This positive feedback circuit-driven regulatory mechanism could represent a common strategy for reliable and irreversible cell fate determination from progenitor cells.
INTRODUCTION
A fundamental question in developmental biology is how cells acquire their fates. Specification of cell fate occurs during animal development, as well as in renewable adult tissues in which new cells are constantly generated by resident stem cells. Although transcription factors are commonly involved in determining cellular identities (Graf and Enver, 2009; Zernicka-Goetz et al., 2009) , how their expression and activity are regulated to control progressive and reliable cell fate determination is in general poorly understood and requires detailed analysis in each individual developmental context.
Intestinal epithelium in Drosophila midgut provides a relatively simple and genetically tractable experimental system for studies of cell fate specification from stem cells (Biteau et al., 2011; Jiang and Edgar, 2011) . Intestinal stem cells (ISCs) in Drosophila posterior midgut periodically produce committed progenitor cells termed enteroblasts (EBs) that differentiate further into either absorptive enterocytes (ECs) or secretory enteroendocrine cells (EEs) (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006) . The exit of ISC self-renewal and control of the binary fate decision of EBs is primarily controlled by Delta (Dl)-Notch signaling (Ohlstein and Spradling, 2007; Perdigoto et al., 2011) . EBs with high Notch activation will adopt an EC fate, whereas EBs with low Notch activity will adopt an EE fate (Ohlstein and Spradling, 2007) . Notch activation induces expression of the genes of the enhancer of split complex (E(spl)-C), which functions to promote ISC differentiation by antagonizing the bHLH transcription factor Daughterless (Bardin et al., 2010) . A number of genes or pathways have been implicated in regulating EE specification, including the transcriptional repressor Tramtrack 69 (Ttk69) (Wang et al., 2015) , the acheate-scute complex (AS-C) genes (Amcheslavsky et al., 2014; Bardin et al., 2010 ) that encode several basic-helix-loop-helix (bHLH) transcriptional factors, and the EE-determination transcription factor Prospero (Pros) (Biteau and Jasper, 2014; Wang et al., 2015; Zeng and Hou, 2015) , among others (Beebe et al., 2010; Biteau and Jasper, 2014; Jiang et al., 2009; Kapuria et al., 2012; Lin et al., 2010; Quan et al., 2013) . We previously presented evidence to support the essential role of a Ttk69-AS-C-Pros regulatory axis that controls EE specification from ISCs. AS-C gene expression is normally repressed by Ttk69, and a Ttk69-null mutation forced all progenitor cells to adopt an EE fate. While it is thus clear that the regulation of AS-C and its attendant activation of Pros by Ttk69 controls EE specification, it remains unclear how Ttk69 is itself regulated (Wang et al., 2015) .
In addition to recent work showing the role of Ttk in EE specification in the midgut, decades of studies have demonstrated that Ttk regulates cell fate specification in the development of other organs such as the eye and external sensory organs (Badenhorst, 2001; Badenhorst et al., 2002; Giesen et al., 1997; Guo et al., 1995; Li et al., 1997; Okabe et al., 2001; Tang et al., 1997; Xiong and Montell, 1993) . Post-translational modification of Ttk has been shown to promote R7 photoreceptor and sensory organ precursor (SOP) specification: the E3 ubiquitin ligase Seven in absentia (Sina) and an adaptor protein Phyllopod (Phyl) that ubiquitinate Ttk, which is subsequently degraded by the proteasome (Li et al., 1997 (Li et al., , 2002 Pi et al., 2001; Tang et al., 1997) . Here, we investigated the function of sina and phyl in the adult Drosophila midgut, and this led us to reveal a positive feedback loop that drives EE commitment from ISCs.
RESULTS
sina and phyl Are Both Required for EE Specification in the Adult Drosophila Midgut To determine whether sina has a role in the ISC lineages in the adult midgut, we used the MARCM system to generate sina homozygous mutant ISC clones in heterozygous animals by induced mitotic recombination, and then analyzed the cell composition of GFP-marked clones originated from ISCs 1-2 weeks after clone induction (ACI) (Lee and Luo, 1999; Lin et al., 2008; Wang et al., 2015; Xu et al., 2011) . Normally, during progenitor cell differentiation, about 10%-20% of EBs adopt the EE fate; the rest of the EBs adopt the EC fate. As a consequence, EE cells only represent a small fraction of ISC progeny in the midgut epithelium (Biteau and Jasper, 2014; Ohlstein and Spradling, 2007) . Quantitative analysis of wild-type ISC clones at day 10 ACI revealed that EEs, which can be specifically identified using Pros as a marker, constituted approximately 6%-8% of the total cell population within the clones. In contrast, virtually no Pros-expressing cells could be detected in the GFP-marked sina 2 mutant clones (Figures 1A, 1B, and 1C) . The sina 2 mutant allele encodes in a truncated protein that lacks 105 amino acids of the C terminus of the Sina protein (Carthew and Rubin, 1990) . GFP-marked clones of sina 3 , another loss-of-function allele of sina, exhibited an identical EE loss phenotype to that of sina 2 mutant clones (Figures S1A and S1B). We also stained these sina 2 mutant clones with Drosophila Tachykinin (dTK), a neuropeptide that is secreted by EEs. Virtually no dTK + cells could be found in sina 2 mutant clones ( Figure S1C ). It is noteworthy that the size (cell number) of the clones was largely comparable between wild-type and sina mutant ISC clones, indicating that loss of sina does not affect ISC proliferation. Staining with antibodies against Pdm1, an EC marker, revealed that ECs were properly differentiated in sina mutant clones (Figure 1D ). Taken together, these observations suggest that sina is specifically required for EE specification from ISCs. Previous studies in Drosophila eye and external sensory organs have demonstrated that Phyl is an essential adaptor protein that bridges Sina and Ttk to enable Ttk polyubiquitination and degradation. Direct interaction between Sina and Ttk is rather weak, but the presence of Phyl allows the formation of a strong Sina-Phyl-Ttk protein complex for subsequent protein modification and degradation, which is essential for proper photoreceptor differentiation (Li et al., 2002; Ou et al., 2003) . To explore the function of phyl in EE fate specification, we generated GFP-marked MARCM clones homozygous for the phyl (phyl 2366 ) mutant allele. Strikingly, at day 10 ACI, when the wild-type ISC clones had typically grow into patches of 10-30 cells comprising both ISCs and their derived progeny (polyploid ECs and diploid EEs) ( Figure S2A ), the phyl mutant ISC clones comprised only 1-3 cells ( Figures  1E and 1F ). Clones homozygous for the phyl 2245 mutant allele, a genetic null, showed a similar growth defect (Figure S2C) . The growth retardation of these mutant clones persisted over time; even at 3 weeks ACI, they still had only 1-3 cells ( Figure S2B ). Some cells of the mutant clones developed into large polyploid cells. Co-staining with the ISC marker Dl and the EE marker Pros revealed that some phyl mutant cells were positive for Dl ( Figure 1E ) and that none of the mutant clones (>500 clones examined) contained any Pros + cells ( Figure 1F ). Staining with antibodies against phosphor-histone H3 (PH3) showed that none of the mutant clones (>300 clones examined) contained any mitotic cells, although PH3 + cells were present in wildtype clones and in the wild-type cells surrounding the mutant clones ( Figures S2D and S2E ). We also generated MARCM clones with phyl-RNAi expression, these clones were also devoid of EEs, and their clone sizes were also smaller than the wild-type clones, but this size phenotype was much milder than the phyl mutant clones, and many properly differentiated ECs were found in each clone (Figure S3) . Because RNAi often reduces gene products but does not eliminate them, the presence of large EE-less clones suggests that the EE specification function of phyl is more sensitive to the gene dosage than the ISC proliferation function of phyl. Collectively, these results demonstrate that the loss of phyl causes decreased proliferation of ISCs and failed EE differentiation without affecting EC differentiation.
To further evaluate the role of phyl in regulating EE specification from ISCs, we used a GAL4-UAS binary expression system to knock down phyl expression (Brand and Perrimon, 1993) . esg-GAL4 was used to drive the ISC-and EB-specific expression of RNAi targeting phyl in female esg-Gal4,UAS-GFP; UAS-phyl-RNAi (esg>phyl-RNAi) flies. While Pros + EEs were scattered throughout wild-type intestinal epithelia ( Figure 1G ), the epithelia of esg>phyl-RNAi midguts were completely devoid of Pros + cells
( Figures 1H and 1I ). There was no apparent difference in the esg>GFP + cell populations between wild-type and esg>phyl-RNAi midguts ( Figures 1G-1J ). These results further support the notion that phyl is required for EE specification from ISCs. Therefore, similar to sina, phyl is indispensable for EE specification in the midgut epithelium. But unlike sina, phyl has additional roles in promoting ISC proliferation. It is noteworthy that although only posterior midgut regions were shown for the functional studies of sina and phyl, both genes are essential for EE generation along the length of the midgut, including anterior, middle, and posterior midgut regions.
Phyl, but Not Sina, Acts as a Limiting Factor for EE Cell Fate Specification To evaluate whether phyl is sufficient to induce EE fate specification, we overexpressed phyl using the temperature-inducible GAL4-UAS expression system (McGuire et al., 2004) . We found that conditional overexpression of phyl for 7 days in adult both ISCs and EBs using the esg-GAL4 ts (esg-GAL4, Tub-GAL80 ts ) driver was sufficient to induce excessive production of EEs (Figures 2A-2C ). Further, the continuous accumulation of EEs in the midgut epithelium eventually led to the development of multilayered EE-like tumors by around 2 weeks (not shown). Conditional overexpression of phyl using an ISC-specific driver, Dl-GAL4 ts , also induces extra production of EEs, albeit to a less pronounced extent than in the esg-GAL4; UAS-phyl flies ( Figure 2D ). Interestingly, conditional overexpression of phyl in Notch-activated EBs using Su(H)Gbe-GAL4 ts blocked EB differentiation, induced re-entry into mitosis, and caused some of these accumulated EBs to differentiate into EEs ( Figure S4 ), although normally the Notch-activated EBs are post-mitotic and only differentiate into ECs. This suggests that Phyl expression is able to force EC-committed EBs to re-enter the cell cycle and to promote differentiation into EE fate instead. To determine whether this EE-specification-promoting effect occurs in a lineageautonomous or a non-lineage-autonomous manner, we overexpressed phyl in a clonal fashion using a flp-out cassette technique (Struhl and Basler, 1993) . We generated clones comprised exclusively of phyl-overexpressing cells (marked by GFP). Strikingly, there was a massive accumulation of Pros + EE cells and Dl + ISC-like cells within these clones, but the population and distribution of EE cells outside the clones remained normal (Figures 2E and S5) . It is thus clear that the overexpression of phyl was sufficient to induce lineage-autonomous specification of EE cell fate. Consistent with our finding that phyl is required for ISC proliferation ( Figures 1E and 1F ), the overexpression of phyl also significantly increased ISC proliferation in a lineage-autonomous manner, as revealed by the significantly increased proportion of mitotic cells in these clones (Figure 2F ). The ISC cell proliferation and EE cell specification (legend continued on next page) effects of phyl together caused the rapid development of EE-like tumors in all the phyl overexpression clones (Figures 2E and 2F) .
Using a similar approach, we also conditionally overexpressed sina in ISCs and EBs. sina overexpression did not cause any obvious abnormalities in either the ISC or EE population ( Figures 2G and 2H ), suggesting that sina only plays a permissive role for EE specification, and phyl is not only permissive but also instructive for EE specification from ISCs. Therefore, phyl seems to act as a limiting factor for EE fate specification from ISCs.
Similar to the phenotypes resulting from phyl overexpression, the loss of ttk69 also causes excessive ISC proliferation and unidirectional generation of EEs and is also able to induce EC-committed EBs to re-enter mitosis and induce their differentiation into EE fate instead. Conversely, similar to phyl ablation, the overexpression of ttk69 causes ISC quiescence and failure of EE differentiation (Wang et al., 2015) . These phenotypic similarities support the idea that phyl and ttk69 function in a common regulatory pathway to control EE specification.
Epistatic Relationships among Sina, Phyl, Ttk69 and AS-C complex in EE Specification
The similar requirement of Sina, Phyl, and Ttk69 for EE specification strongly suggests that the Sina-Phyl-Ttk69 protein complex, which is involved in eye and SOP development, may also be involved in the regulation of EE specification in the Drosophila midgut. If indeed Sina functions as an ubiquitin ligase and Phyl functions as an adaptor for recruitment, ubiquitination, and degradation of Ttk69, the excessive EE phenotype caused by phyl overexpression should be dependent on sina activity. Recall that we earlier showed that the conditional overexpression of phyl in adult esg + cells for 7 days effectively induced the generation of excessive EEs in the epithelium ( Figure 2B ). However, this phenotype was completely suppressed when sina was depleted via RNAi ( Figures 3A-3C ). Therefore, the ability of phyl to induce EE specification is dependent on sina activity. As an extra note, we found that the slight increase in of esg>GFP + cells following phyl overexpression was not effectively suppressed by sina-RNAi ( Figures 3A-3C) , indicating that the function of phyl in promoting ISC proliferation is likely independent of sina.
We next tested the epistatic relationships between ttk69 and sina/phyl. If Sina/Phyl functions to degrade Ttk69, Ttk69 should be downstream of Sina/Phyl in regulating EE specification (therefore genetically epistatic to sina/ phyl). Recall that sina 2 mutant clones failed to generate any EEs ( Figure 1B) . However, the co-depletion of ttk in sina 2 mutant clones caused EE tumor formation in a lineage-autonomous manner ( Figures 3D and 3E ), a phenotype virtually identical to that resulting from ttk depletion alone (Wang et al., 2015) . Therefore, ttk69 is epistatic to sina in regulating EE specification. Similarly, we found that ttk is also epistatic to phyl. Depleting phyl via RNAi could not suppress the excessive EE phenotype caused by conditional depletion of ttk in esg + cells ( Figures 3F-3I ), but overexpression of ttk69 was sufficient to prevent excessive EE phenotype caused by conditional overexpression of phyl ( Figures  3J-3L ). These results demonstrate that ttk69 is genetically downstream of sina/phyl in EE specification. The epistatic (C) The percentages of Pros + and GFP + cells in the epithelia of indicated genotypes. Mean ± SEM. n = 15 for esg ts >GFP control, n = 14 for esg ts >sina-RNAi, n = 16 for esg ts >phyl, and n = 12 for esg ts >sina-RNAi; u-phyl midguts. **p < 0.01, ***p < 0.001, ****p < 0.0001 (Student's t test). ns, no significant difference. . Mean ± SEM. n = 10 for wild-type FRT2A clones, n = 24 for sina 2 mutant clones, n = 12 for ttk-RNAi; sina 2 mutant clones. ****p < 0.0001 (Student's t test). (F-H) Midgut epithelia of (F) esg ts >GFP, (G) esg ts >ttk-RNAi, and (H) esg ts >ttk-RNAi; phyl-RNAi stained with anti-Pros (red). Flies were shifted to restrictive temperature for 7 days before analysis. (I) Quantitative data on the percentages of Pros + cells in the epithelia shown in (G-H). Mean ± SEM. n = 15 for esg ts >GFP, n = 16 for esg ts >ttk-RNAi, and n = 10 for esg ts >ttk-RNAi; phyl-RNAi midguts. ****p < 0.0001 (Student's t test). (J and K) Midgut epithelia of (J) esg ts >UAS-ttk69 and (K) esg ts >UAS-ttk69; UAS-phyl stained with anti-Pros (red). Flies were shifted to restrictive temperature for 7 days before analysis. (L) Quantitative data on the percentages of Pros + cells in the epithelia shown in (K and L). Mean ± SEM. n = 15 for esg ts >GFP controls, n = 19 for esg ts >UAS-ttk69, and n = 15 for esg ts >UAS-ttk69; UAS-phyl midguts. ns, no significant difference. (M) Overexpression of sc by using the flp-out system (green), and the clone was stained with anti-Pros (red). relationships among sina, phyl, and ttk69 indicate that, similar to what occurs during Drosophila eye and SOP development, Sina/Phyl likely function to promote EE generation through the proteolytic degradation of Ttk69.
We next tested the epistatic relationships between AS-C genes and sina/phyl. Although sina mutant clones are devoid of EEs, we found that overexpression of sc in sina-RNAi clones was still able to induce EE specification within the clones (Figures 3M-3O) , supporting the notion that sc is epistatic to sina. Df(1)sc B57 is a small chromosomal deficiency allele in which the entire AS-C genes are removed (Heitzler et al., 1996) . Overexpression of phyl in induced Df(1)sc B57 clones failed to induce the supernumerary EE phenotype ( Figure 3P ). These clones are composed of small progenitor cells that do not have Pros expression (Figure 3P 0 ). The occasional Pros + cells found in the clones are likely due to residual activity of gene products. Collectively, these data demonstrate that AS-C genes are genetically downstream of sina/phyl and ttk69, and ttk69 is genetically downstream of sina/ phyl in EE specification. Therefore, a Sina-Phyl-Ttk69-AS-C regulatory axis controls EE specification in the Drosophila midgut.
Sina and Phyl Regulate Ttk69 Protein Stability
To test whether Sina/Phyl are able to regulate Ttk69 protein levels in the midgut, we used a highly specific antibody against Ttk69 (Wang et al., 2015) to monitor Ttk69 protein levels in the midgut following the manipulation of sina/phyl function. In wild-type midgut, Ttk69 was generally expressed in all epithelial cells, with the highest levels in ECs and the lowest levels in ISCs and EEs ( Figure 4A ) (Wang et al., 2015) . Myo1A-Gal4 ts (Myo1A-Gal4;Tub-GAL80 ts ), an EC-specific driver was used to conditionally ectopically express phyl in ECs. The impact of phyl expression on Ttk69 protein levels was analyzed 12, 24, and 48 hr after including phyl expression ( Figures 4B-4D ). Interestingly, downregulation of Ttk69 protein levels in ECs was observed as early as 12 hr ( Figure 4B ). Hardly any Ttk69 protein could be detected in ECs by 48 hr ( Figures 4C  and 4D ). Therefore, the ectopic expression of phyl in ECs is able to rapidly downregulate Ttk69 protein levels in ECs. We also expressed a 3xFlag-tagged ttk69 transgene in flp-out clones and examined the effect of phyl expression on Ttk69-Flag protein levels. Because ttk69 overexpression inhibits ISC proliferation, Ttk69-Flag-overexpression clones hardly grew at all; many remained as single or double cell clones, and staining with anti-Flag antibody showed strong Ttk69-Flag protein expression in all of these clones ( Figures 4E-4H ). The addition of Phyl overexpression in Ttk69-Flag-overexpression clones caused clones to grow slightly bigger ( Figures 4E-4H ), indicating that the proliferation-inhibitory effect of Ttk69 is partially suppressed by Phyl overexpression. Importantly, the Ttk69-Flag protein level was significantly downregulated in the Phyl/Ttk69-Flag co-overexpression clones, and no Ttk69-Flag protein could be detected in the majority of the cells of these clones ( Figures 4F and 4G) . Collectively, these results demonstrate that Phyl overexpression is sufficient to downregulate the Ttk69 protein level in a lineage-autonomous manner. This conclusion is consistent with the idea that Sina and Phyl function together to promote EE specification by inhibiting Ttk69 through proteolytic degradation.
Phyl Is Transiently Upregulated in EE Progenitor Cells and Is Positively Regulated by Sc
Given that phyl appears to be a limiting factor in EE specification, characterizing how phyl is regulated should deepen our understanding of the EE specification process. We therefore examined phyl expression using phyl 3.4 -GFP, an in vivo GFP reporter driven by a 3.4 kb phyl promoter fragment . Interestingly, the expression of phyl 3.4 -GFP was barely detectable in the midgut epithelium ( Figure 5A ). We also generated a polyclonal antibody against Phyl, and the anti-Phyl signal was also largely undetectable in the intestinal epithelium along the length of midgut, except that it was detected in the cytoplasm of some diploid cells in the copper cell (R3) region where gastric stem cells reside (Buchon et al., 2013; Strand and Micchelli, 2011; Wang et al., 2014) . These Phyl + diploid cells were co-stained with low levels of Pros and esg>GFP, indicating that they could be differentiating EE progenitor cells ( Figures 5E and 5F ). Regional differences in Phyl expression levels could be due to differential Dl-Notch signaling activities, as Notch activity is known to be relatively low in the R3 region (Marianes and Spradling, 2013; Strand and Micchelli, 2011; Wang et al., 2014) , and Phyl expression is negatively regulated by Notch (described later). Despite failure to detect Phyl expression using both the GFP marker and the antibody in the anterior and posterior midgut, the functional requirement of phyl for EE specification along the length of the midgut suggests that phyl should be expressed there, but its expression level could be too low to be detected/reflected by antibody staining or by the transcriptional reporter. To test this hypothesis, we used a highly sensitive Tyramide Signal Amplification (TSA) method to amplify the reporter GFP signal and studied the phyl 3.4 -GFP expression pattern. This analysis revealed that the majority of diploid cells, including ISCs and EEs, at both the anterior and posterior regions of the midgut, had active phyl transcription ( Figure S6 ). It thus seems clear that Phyl is generally expressed in ISCs at low levels in both anterior and posterior midgut regions. This baseline Phyl activity is likely important for ISC proliferation, as it was shown earlier that the proliferative ability of ISCs was strongly affected following the ablation of phyl.
We next examined whether phyl could be a transcriptional target of sc in the midgut, as phyl is known as a transcriptional target of Sc in external sensory organs . This is potentially interesting because sc is an essential AS-C gene known to be required for EE specification that functions downstream of ttk69 (Amcheslavsky et al., 2014; Bardin et al., 2010; Wang et al., 2015) . As shown above, phyl expression was barely detectable in normal intestinal epithelium by either anti-Phyl staining or the phyl Mean ± SEM. n = 35 for ttk69-3xflag overexpression clones, and n=22 for ttk69-3xflag and phyl both overexpression clones. ****p < 0.0001 (Student's t test). Scale bars: (A) 10 mm (also applies to B-D); (E) 20 mm (also applies to F).
compared with 5A, and data not shown). Co-staining with Pros and Dl markers revealed that, in both anterior and posterior midgut, the highest Phyl expression occurred in Dl low and Pros low cells, which are likely differentiating EEs, and its expression became diminished in Pros high cells
( Figures 5C and 5D ). These observations suggest that Sc is able to transcriptionally activate phyl in the midgut progenitor cells. Taking this into consideration, the initial activation of Phyl could reinforce its expression via a positive feedback mechanism mediated by Sina-Phyl-Ttk69 and Sc, which may ensure rapid accumulation of the EE-determination factor Pros for EE specification and maturation. This positive feedback regulation of Phyl during EE differentiation is also consistent with the notion that Phyl seems to be accumulated at its highest levels in differentiating EEs.
Phyl Is Negatively Regulated by Notch
The binary fate choice of ISCs is primarily regulated by Dl-Notch signaling. As reported previously, loss of Notch in ISCs causes ISC-like and EE-like tumors ( Figure 6A ). Forced activation of Notch in ISCs, on the other hand, unidirectionally induces ISC differentiation into ECs (Micchelli and Perrimon, 2006; Spradling, 2006, 2007) , indicating that Notch is inactive or at low levels during EE generation. To test the potential regulatory relationships between Notch and Phyl, we examined Phyl expression in esg>Notch-RNAi epithelia. Although Phyl expression was hardly detectable in the anterior and posterior midgut, its expression was readily detectable in a subset of Pros + tumor cells in esg>Notch-RNAi intestine ( Figure 6B ). To functionally test whether phyl expression is required for EE-like tumor cell generation, we co-depleted Notch and phyl in ISCs and studied the consequences. As a result, co-depletion of phyl caused the failure of EE-like tumor formation, although ISC-like tumors could still be formed ( Figure 6D ). The size of these phyl-RNAi N-RNAi ISC-like tumors appeared smaller than N-RNAi ISC-like tumors, but the difference was not statistically significant ( Figure S7 (Figure 7 ). Regulatory circuits with feedback mechanisms are frequently used by multi-celled organisms to control the proportional generation of differentiated cell subtypes and for the homeostatic control of tissue maintenance and regeneration (Hsu and Fuchs, 2012; Tata and Rajagopal, 2016) . In the Drosophila midgut, epithelial damage induces feedback regulation between ISCs and their progeny that promotes activation of ISCs for epithelial repair (Chen et al., 2016; Jiang et al., 2009 ). It has also been shown that differentiated EEs send feedback signals such as Slit molecules to ISCs to prevent excessive EE generation In EE progenitor cells derived from ISCs, Phyl is upregulated, which links EE-repressor Ttk69 to the E3 ubiquitin ligase Sina for degradation. Ttk69 degradation results in the derepression of AS-C genes, which subsequently induces the expression of EE-determination factor Pros to promote EE specification. The expression of Sc also induces Phyl expression, thereby forming a positive feedback regulatory circuit that continuously drives Phyl expression, Ttk69 degradation, and Pros accumulation, ultimately leading to EE commitment. (Biteau and Jasper, 2014) , but a recent study does not support the existence of such a feedback mechanism (Salle et al., 2017) . Here, we identify a positive feedback circuit that functions in the process of EE specification. The engagement of this type of positive feedback circuit could conceivably serve several purposes. First, such a circuit could allow the rapid accumulation of fate regulators like Pros to a critical threshold for cell fate commitment, perhaps functioning to overcome the influence of proteolytic degradation of the fate regulators. Second, once induced, fate regulators may need to be present continuously to specify cell fate, and a positive feedback mechanism could ensure such an ongoing expression. Third, activation of this type of positive feedback circuit may also effectively prevent unwanted cell fate reversion. It is known that many committed progenitor cells are still able to change (revert) their fate under certain circumstances, as with the enteroendocrine progenitor cells in the mouse small intestine that can act as a reservoir for ISCs in response to ISC loss. The enterocyte-committed EBs in the fly ISC lineage also have the potential to revert their EE fate specification, such as following ttk69 depletion (Wang et al., 2015) , or phyl overexpression reported in this study. In this context, the engagement of a positive feedback circuit at the start of EE specification could be an effective strategy to continuously ensure faithful commitment to the EE fate, especially under normal conditions.
How is the binary fate decision of ISCs, which directs the proportional generation of EC and EE from ISCs, regulated? A recent study from our group demonstrates that a transient activation of Sc in ISCs directs the generation of EEs from self-renewing ISCs (Chen et al., 2017) . Although the current study primarily focuses on the role of Phyl in a positive feedback loop in differentiating EEs, Phyl could have an earlier function in ISCs to regulate Sc expression, and consequently cell proliferation and cell fate decisions. In addition, Phyl overexpression is able to induce many ISC-like cells, similar to that caused by the loss of Notch. A negative role for phyl in Notch signaling has been observed in developing eye imaginal discs, in which phyl is required for endocytic degradation of activated Notch (Nagaraj and Banerjee, 2009) . Considering that Notch negatively regulates both sc and phyl transcription in the midgut, it is possible that the antagonistic activities of Phyl and Notch could participate in regulation of Sc and consequently cell fate decisions in ISCs.
Post-transcriptional regulation of Ttk by Sina and Phyl is known to determine neural cell fate versus non-neural cell fate in eye and sensory organ development, highlighting that Ttk-based mechanisms are used frequently in multiple developmental processes to regulate alternative cell fate decisions in Drosophila. Sina is an evolutionarily conserved E3 ubiquitin ligase. Similarly, BTB domain-containing proteins like Ttk are present in all eukaryotes (Perez-Torrado et al., 2006) . Although mammals appear to have no Phyl homologs, this does not exclude the possibility that they may have functional counterpart(s). The loss of a mammalian sina gene, siah2, suppresses the neuroendocrine tumor phenotype in a mouse model of prostate cancer (Qi et al., 2010) . It is therefore possible that protein complexes similar to Sina-Phyl-Ttk69 maybe function in diverse mammalian tissues, including for example in the epithelium inner lining of the digestive tract, to regulate cell fate decisions.
In short, this study identified a regulatory circuit composed of Sina-Phyl-Ttk69 and Sc that drives EE commitment from ISCs. The earliest event that initiates EE differentiation from ISCs, that is, the event that causes Notch inactivation and initial Phyl expression, is still unclear, but it is possibly linked to Numb-mediated symmetric cell division and other environmental cues (Salle et al., 2017) . We propose that the engagement of a positive feedback circuit to drive cell fate specification, as revealed in the present study, may be a common mechanism employed to ensure faithful cell fate determination from progenitor cells in diverse organisms, including mammals.
EXPERIMENTAL PROCEDURES

Fly Strains
The following fly stocks were used in this study: sina 2 FRT2A
treatment for 1 hr at 37 C in a water bath. After the heat-shock treatment, flies were cultured at 25 C with regular food and were analyzed 4-14 days later.
Temperature Shift Assay
Flies carrying esg ts (esg-Gal4,Tubulin-Gal80 ts ), Dl ts , or Su(H) ts were crossed with appropriately matched transgenic flies contain UAS-transgenes at 18 C (Wang et al., 2015) . Female flies (between 3 and 5 days old) of a given genotype were shifted from 18 C to 29 C and cultured with regular food that was refreshed every 2 days. Dissection and analysis were performed 7 days after the initial temperature shift or at other time points, as specified in the text.
Generation of Phyl Antisera
Polyclonal antibody directly against Phyl was generated in rabbit by using the synthetic peptide: TPAPIVYSKRRASRRSASVSC. The cysteine residue at the C terminus of the peptide was able to conjugate keyhole limpet hemocyanin. Serum obtained from immunized rabbit was purified by antigen affinity chromatography. Purified antiserum was used at a final dilution of 1:300.
Immunostaining
Immunostaining of Drosophila midgut was performed as previously described . The following primary antibodies were used in this study: mouse anti-Dl (DSHB, C594.9B; 1:100); mouse anti-Pros (DSHB, MR1A; 1:100); rabbit anti-Tachykinin (a gift from Dick Nassel, Stockholm University, Sweden; 1:3,000); rabbit anti-Pdm1 (a gift from Xiaohang Yang, Zhejiang University, China; 1:1,000); mouse anti-phospho-Histone H3 (Cell Signaling Technology, #9706, 1:500); rabbit anti-GFP (Molecular Probes, A11122, 1:200); anti-Ttk69 (Wang et al., 2015) ; mouse anti-FLAG (Sigma, F1084; 1:300). Secondary antibodies were used in this study: goat anti-rabbit or anti-mouse IgGs conjugated to Alexa Fluor 488, 568, or Cy5 (Molecular Probes, A11034-A11036, A10524; 1:300). Signal amplification experiments were performed using a TSA kit (Invitrogen, TSA kit #22). Images were captured using a Nikon A1-R confocal microscope. All images were edited in Adobe Photoshop and were assembled in Adobe Illustrator.
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